Mammalian homologues of the Drosophila Iroquois homeobox gene complex, involved in patterning and regionalization of differentiation, have recently been identi®ed (Mech. Dev., 69 (1997) (2001) 193). The six members of the murine family were found to be organized in two cognate clusters of three genes each, Irx1, -2, -4 and Irx3, -5, -6, respectively (Peters et al., 2000) . As a basis for further study of their regulation and function we performed a comparative analysis of the genomic organization and of the expression patterns of all six Irx genes. The genes are expressed in highly speci®c and regionalized patterns of ectoderm, mesoderm and endoderm derived tissues. In most tissues the pattern of expression of the clustered genes, especially of Irx1 and -2 and of Irx3 and -5, respectively, closely resembled each other while those of Irx4 and -6 were very divergent. Interestingly, the expression of cognate genes was found to be mutually exclusive in adjacent and interacting tissues of limb, heart and the laryncho-pharyncheal region. The results indicate that the Irx genes are coordinately regulated at the level of the cluster. q
Results

Genomic organization and expression patterns of the Irx gene clusters (Fig. 1)
Murine Irx1, -2 and -4 (IrxA cluster) were previously found to be located on chromosome 13 (human chromosome 5) and Irx3, -5 and -6 (IrxB cluster) on chromosome 8 (human chromosome 16), respectively (Peters et al., 2000) . To get an insight into the genomic structure of the murine clusters, we performed an analysis of the IrxB cluster. Irx3 and -5 are separated by approximately 550 kb of intergenic sequences whereas Irx5 and -6 are 350 kb apart (Fig. 1A) . In addition, Irx5 and -6 were found to be orientated in the same direction, whereas Irx3 is transcribed into the opposite direction (Fig. 1A) . Investigation of the human IrxB cluster on chromosome 16 (Venter et al., 2001 ) revealed a strict conservation of this organization. Since the relative positions of the cognate genes within the two murine clusters are identical, the orientations of IrxA genes are also likely to be conserved. Indeed, initial analysis of the human IrxA gene cluster revealed that Irx2 and -4 are orientated in the same direction (the orientation of Irx1 is presently ambiguous; (Venter et al., 2001) ). In the human genome, no other potential coding sequences were found in the intergenic regions of the Irx genes.
To get an insight into the spatial distribution of the gene expression in relation to their genomic organization, serial sections of E12 mouse embryos were hybridized with probes for the six Irx genes (Fig. 1B) . The overall patterns of Irx1 and -2 and of Irx3 and -5, respectively, were found to be highly similar, as can be seen in the brain, neural tube, ganglia, head and body mesenchyme, limbs, heart and rib cartilage. Irx4, in contrast, was found to be mainly restricted to the heart, skin and hindbrain and Irx6 transcripts were detected at low levels in the endocardium of the heart, identical to Irx5, in skin, and were very restricted in the hindbrain and neural tube (Fig. 1B) . We next performed a more detailed analysis of the developmental and spatial expression pro®le. To obtain a comprehensive overview of the expression patterns, our in situ studies and published data of Irx gene expression in mouse (Bosse et al., 1997 (Bosse et al., , 2000 Bruneau et al., 2000; Christoffels et al., 2000; Cohen et al., 2000; Mummenhoff et al., 2001 ) are presented together. The patterns are summarized in Table 1 . Only tissues that showed expression of at least one of the genes are listed.
Onset of expression
The onset of expression of all six Irx genes has been described previously and was con®rmed by whole mount analysis. Irx3 is ®rst expressed in the extra embryonic portion of the egg cylinder at E6.5. Irx1 and -3 are ®rst observed in the embryo at E7.5, in the mesoderm of the head-fold and ectoderm of neural plate, respectively. Irx4 expression is ®rst observed in the chorion at E7, in the cardiac crescent at E7.5 and in the hindbrain from E8.5 onwards. At E8.0, Irx5 expression was detected in the neural epithelium of the head-fold and in the lateral plate mesoderm lining the coelomic cavity, similar to Irx3. At E8.5, Irx2 expression appears for the ®rst time in the rhombencephalon. Irx6 expression was ®rst seen at E10.5 in the endocardium of the heart chambers. Thus, the onset of Irx expression is different between members within a cluster and between cognate genes. (Venter et al., 2001 ). Orientations of murine IrxB genes were determined by restriction analysis of a contig of genomic BAC/PAC clones. Orientations of murine IrxA genes and human Irx1 were deduced from the strict conservation of Irx gene clusters during vertebrate evolution. The distances between genes are given in kb. The human IrxA cluster is located between chromosomal positions 1.6 and 4.2 Mb on chromosome 5 (scaffolds: GA_x2HTBKPH5E5, 1±25009 and GA_x2HTBKPH5SK, 1± 1500000). The human IrxB cluster is located between chromosomal positions 39.2 and 40.4 Mb on chromosome 16 (scaffolds: GA_x2HTBKP-QEQN, 5500001±7000000). Details of individual sequences are available on the World Wide Web site at Celera Genomics (http://www.celera.com). ND, not determined. (B) Expression pattern of the six Irx genes in serial sections of an E12 mouse embryo reveals similarity in patterns for Irx1 and -2 and Irx3 and -5, respectively. Low magni®cation photographs of in situ hybridization on serial sections of the same E12 embryo showing the overall patterns of all six Irx genes. These global pictures show that Irx1 and -2 and Irx3 and -5, respectively, are expressed in highly similar patterns in limbs, rib cartilage, head mesenchyme, heart (arrow heads Irx1 and -2), cranial nerves, metenchephalon, neural tube, otic cap (arrow heads Irx3 and -5) and skin. The genes for Irx4 and -6 are expressed in much more restricted and dissimilar patterns. Open arrowheads indicate interventricular septum for Irx1 and -2 and otic cap for Irx3 and -5. IV, fourth cerebral ventricle; gVII±VIII, ganglion of seventh and eighth cranial nerves; ccv, cranial cardinal vein;¯, forelimb; man, mandibula; sd, stomatodeum; rc, rib cartilage; lv, left cardiac ventricle; rv, right cardiac ventricle; li, liver; nt, neural tube; sg, spinal ganglion; bar, 500 mm. 
a Overview of expression patterns of the Irx1±6 genes between E9.5 and E13.5 that were de®ned by serial section analysis. Codes: A, identical expression of genes in the IrxA cluster; B, identical expression of genes in the IrxB cluster; C, identical expression between cognate genes; E, expressed, but not in a pattern similar to cognate genes or genes of the same cluster; I, identical expression without discriminating between similarity of pattern between clustered or cognate genes; ±, not expressed.
Expression in the developing central nervous system (Figs. 1B and 2)
Whole mount in situ hybridization analysis of Irx1, -2, -3 and -5 expressions revealed, from E9 onwards, a striking similarity in expression between Irx1 and -2 in the ventral region of mes-and the metencephalon, and between Irx3 and -5 in the dorsolateral region of mesencephalon, ventrolateral region of metencephalon and along the entire spinal cord. The Irx4 expression was observed in the metencephalon only. Serial section analysis showed that the expression of Irx1 and -2 and of Irx3 and -5, respectively, were almost identical in the mes-and metencephalon (Figs. 1B and 2A, B, D, E) . Irx1 and -2 showed high levels of expression in the cerebellum and the sensory part of the pons. Expression was also found in the medial region of the motor part of the pons, close to the median sulcus. In the region of the emerging ®fth cranial nerve of the pons, expression was observed as well ( Fig. 2A,B) . Irx 3 and -5 were detected in the lateral region of the motor part of the pons, adjacent to the sulcus limitans, in the sensory part of the pons and weakly in the developing cerebellum (Fig. 2D,E) . Irx4 showed a restricted pattern in the pons at the level of the sulcus limitans (Fig. 2C ) and in the cerebellum (not shown). Irx6 expression ®rst became detectable at E11.5 in spots in the¯oor plate of the mesencephalon, in a region where the motor nuclei of CNIII and -IV will develop (not shown), and, like all other Irx genes, in two spots in the pons, where the motor nuclei of CNVII will develop (Fig. 2A±F) . None of the genes were expressed in the dorsal part of the caudal metencephalon. At E13.5, Irx1/2 and Irx3/5 expression within the thalamus region remained identical. Irx1 and -2 Fig. 1 . cer, Developing cerebellum; gV, ganglion of the ®fth cranial nerve; ms, median sulcus; sl, sulcus limitans; sg, spinal ganglion; nc, notochord; cv, cochlear vesicle; vv, vestibular vesicle; mn, motor neuron; oc, otic cap; fp,¯oor plate; bar, 100 mm. Fig. 3 . Expression patterns of the Irx genes in ectoderm derived tissues analyzed by whole mount and serial section in situ hybridization. Serial section (A, B, E±M) and whole mount (C, D) in situ hybridization analysis of E13.5 embryos. Sections revealed expression of the genes for Irx1±5 in the cap of the vibrissae follicle (B, F) at different levels (Irx2, -4 high, Irx1, -3, -5 low). All Irx genes were expressed in the epidermis, albeit in different patterns and at different levels (Irx1, -3, -5, -6 low, Irx2, -4 high; A, B, E, F). Note the absence of Irx1 expression in the dermis at the level of the hair shaft (B), causing the non-expressing spot in the whole mount embryo (C). Arrow in (G) indicates the expression in the marginal zone of the neural retina, in a domain that extends further cranial than caudal. Arrows in (K, L) indicate the expression lateral from the molar tooth primordia. umt, Upper molar tooth primordium; lmt, lower molar tooth primordium; vfp, vibrissae follicle primordium; de, dermis; ep, epidermis; mgp, mammary gland primordium; nr, neural retina; le, lens; bar, 100 mm.
were expressed at higher levels and the expression extended further caudal than Irx3 and -5 (not shown). Analysis of the Irx expression patterns in the spinal cord revealed identical patterns of Irx1 and -2 and Irx3 and -5, respectively (Fig.  2G±L ). Irx1 and -2 expression was found in the ventricular zone and mantle layer of the alar plate (Fig. 2G,H) . Higher levels of expression were observed in the median plane, in the interneuron region. Weak expression was found in the basal plate, the¯oor plate and the mesodermal notochord. Expression in the spinal ganglia was not observed in every in situ hybridization experiment, indicating low levels of expression. Irx3 and -5 expression (Fig. 2J,K) was found in the ventricular zone and mantle layer of the alar and basal plates but not in the¯oor and roof plates. In addition, Irx3 and -5 expression was observed in the motor neurons and notochord. Irx4 expression was not found in the spinal cord (Fig. 2I) . Irx6 expression was observed only in the motor neurons at E11.5 and E13.5 (Fig. 2L ) and very weakly in the ventricular zone at E13.5 (not shown).
At E9.5, Irx1 and -2 expression patterns overlap in the lateroventral regions of the otic vesicle, whereas Irx3 and -5 overlap in the medial region (adjacent to the hindbrain) (Bosse et al., 1997 (Bosse et al., , 2000 , not shown). At E11.5, strong Irx1 and -2 expression was observed in the region of the developing ganglion of CNV and -VIII ( Fig. 2A,B,M,N) . Positive spots for Irx1 and -2 and Irx3 and -5 were found in the ganglion of CNVII medial to the cranial cardinal vein (Fig. 2M,N,P,Q) . In a region dorsal to the Irx1 and -2 expressing area, expression of Irx3, -5 and -6 was found in the ganglia of the CNVII and -VIII complex including the region connected to the caudal part of the otic vesicle (not shown). Irx4 was not detected in developing ganglia of cranial nerves CNV, -VII and -VIII or otic vesicle (Fig.  2C,O) . All Irx genes are expressed speci®cally in a restricted area of the marginal zone of the neural retina; expression extends further cranial than caudal (Irx3 is shown as prototypical example in Fig. 3G ).
1.4. Mammary gland, skin, vibrissae and teeth (Fig. 3) All members of the IrxB cluster, Irx3, -5 and -6, were found to be expressed in the mammary gland primordia (shown for Irx5 in Fig. 3A) , whereas Irx1, -2 and -4 transcripts were virtually absent (shown for Irx4 in Fig. 3E ). This was con®rmed by the whole mount in situ of E13.5 embryos that showed non-expressing spots at the position of the gland primordia when probed for Irx1, -2 and -4 as a result of interruption of expression in the skin (shown for Irx4 in Fig. 3E ).
All Irx genes were expressed in the epidermis in a localized manner. However, the level of expression and the localization of expression differed between genes. Irx2 and -4 were highly expressed in most of the epidermis of the embryo (Fig. 3E,F , not shown). Irx1 showed less expression in the epidermis of the body and almost no expression in the epidermis of the head. Irx3 and -5 were only weakly expressed in the epidermis and Irx6 only weakly in the region of the limbs and thorax (Fig. 1B) . In the underlying dermis Irx1 and -3 were found to be expressed most abundantly, Irx2 and -5 only weakly and Irx4 and -6 were not detected in the dermis (Fig. 3A,B,E,F) . This is one of the very few tissues showing a similarity in pattern between the cognate genes. Within the epidermis derived vibrissae primordia all Irx genes, except Irx6, were detectably expressed (shown for Irx1 and -2 in Fig. 3B,D,F) , the signal being localized in the cap of the follicle colocalizing with the germinal matrix. However, Irx2 and -4 were more strongly expressed than Irx1, -3 and -5 (shown for Irx1 and -2 in Fig. 3B,F) .
At E13.5, relatively high levels of Irx1 and -2 expression was detected in the molar primordia (Fig. 3H,I ) and in the primordia of the upper incisor teeth (not shown). Lower expression levels of Irx3 and -5 were also detected, but the expression domain was expanded in the epithelial ectoderm distally from the molar primordia (Fig. 3K,L) . No Irx4 and -6 expression was detected in the teeth primordia (Fig.  3J,M ). (Fig. 4) The spatio-developmental patterns of Irx1-6 during limb development were examined between E9.5 and E14.5. Expression of Irx1 and -2 was ®rst observed at E10.5 in the proximal region of the limb bud with a broader domain anteriorly. The expression became con®ned to the cartilage condensations of the digits (E11.5) and changed to a pattern of three stripes within the digit condensations at E13.5 (shown for Irx1 in Fig. 4A,H) . Whole mount staining with a probe for Gdf-5 transcripts, a marker for joint forming regions, showed a very similar pattern at E14.5, indicating that Irx1 and -2 are speci®cally expressed in the joint forming regions (Fig. 4C,D) . Irx4 is not expressed in the limbs.
Limb development
Irx3, -5 and -6 showed similar patterns (Fig. 4B ,F,G), albeit that Irx6 gave a much weaker signal, indicating a low level of expression. First expression of Irx3 and -5 was observed at E9.5 in the mesenchyme of the proximal region of the limb bud over the antero-posterior axis, highest at the dorsal side. At E11.5, the proximal limb region expressed Irx3 and -5 in identical patterns with a stronger domain anteriorly (Fig. 4F,G) . Irx6 was still not observed on sections, but could be visualized in whole mounts in a similar pattern compared to Irx3 and -5. From E13.5 onwards, the expression of Irx3 and -5 became con®ned to the interdigital mesenchyme. At this stage, Irx6 was clearly detected on sections in a pattern identical to Irx3 and -5 (Fig. 4B,I ).
1.6. Heart, trachea, lung, gonad, kidney, pancreas and intestinal tract (Fig. 5) At E11.5 and E13.5, Irx1 and -2 were expressed at high levels and in similar patterns in the mesoderm adjacent to the endoderm of the laryngo-tracheal groove, a region that coincides with the developing laryncheal cartilages and the arytenoids (Fig. 5A,B) . The endoderm of the groove did not express these genes. Irx3 and -5 expression was restricted to the endoderm of the groove and foregut, adjacent to the Irx1 and -2 expressing the mesoderm (Fig. 5D,E) . Irx4 and -6 were not expressed in the region of the groove (shown for Irx4 in Fig. 5C ).
From E10.5 onwards, when the lung buds are expanding from the foregut, expression of Irx1, -2, -3 and -5 was detected at high levels in the epithelial layer of the lung buds and bronchia (shown for Irx2 in Fig. 5G±I ). Expression was absent from the surrounding lung mesenchyme (shown for Irx3 and -4 in Fig. 5J,K) .
The expression patterns within the heart of Irx4 (Bruneau et al., 2000), Irx1±5 (Christoffels et al., 2000) and Irx6 (Mummenhoff et al., 2001) were described previously. Spatial and developmental expression patterns of Irx1 and -2 were identical, con®ned to a segment within the ventricles that includes the septum (Fig. 1B) . Irx4 was expressed in the atrioventricular canal myocardium and the myocardium of the ventricles (Fig. 5K) and, until E10.5, in the proximal out¯ow tract. The Irx3 expression was con®ned to the trabeculations of the ventricles from E9 onwards (Fig.  5J) . The patterns of Irx5 and -6 were found to be identical within the heart, both con®ned to the endocardial layer that lines the atrial and ventricular chambers, but, interestingly, not in the endocardium lining the cushions. The expression of Irx6 was detected a day later (E10.5) than Irx5 (E9.0), possibly due to the much weaker expression of Irx6.
Gonads of E11.5 and E13.5 mice strongly expressed Irx3 and weakly expressed Irx5 whereas Irx1, -2, -4 and -6 were absent (shown for Irx2 and -3 in Fig. 5L,M) . The expression showed a sharp border between gonad and mesonephros (Fig. 5M) . From E11.5 onwards, Irx1 and -2 expressing spots, not restricted to morphologically distinguishable structures, were observed in the pancreatic endoderm, whereas Irx3±6 transcripts were not detectable (not shown). In the metanephros the IrxA cluster genes, Irx1, Fig. 5 . Irx gene expression in foregut, trachea, lung, heart, gonads and kidney. Serial sections of the laryncho-tracheal groove region of an E11.5 embryo (A±F), the region of the trachea of an E10.5 embryo (G± I), the heart and lungs of an E13.5 embryo (J, K) and gonads and kidney of an E13.5 embryo (right kidney in L, left kidney in M), probed for genes as indicated. Arrow in (A) indicates the strong Irx1 and -2 expression in the mesoderm, but not the endoderm, of the laryngo-tracheal groove. Tbx5 marks the tracheal mesenchyme (F). Note the expression of Irx5 and Tbx5 in the atrial endocard and myocard, respectively (arrow in E, F). The arrows in (J, K) indicate the selective expression of Irx3 in the trabecular component of the heart ventricles (J), which show less Irx4 expression compared to the compact myocardium (K). prf, Pharyncheal region of foregut; ltg, laryngo-tracheal groove; ra, right atrium; la, left atrium; lv, left ventricle; lu, lung; li, liver; md, Mu Èllerian duct; mt, mesonephric tubules; go, gonad; ur, ureter; co, cortex; me, medulla; se, stomach epithelium; orf, oesophageal region of foregut; tr, trachea; rmb, right main bronchus; lmb, left main bronchus; bar, 100 mm. shows the developmental pattern of Irx5, which is similar to that of Irx3 and, from E12.5 onwards to that of Irx6. Gdf-5 expression marks the joint forming regions (C) that coincide with the expression of Irx1 and -2 (D). The Irx3 and -5 expression patterns were virtually identical in the mesenchyme of the proximal region of the limb buds as shown on serial sections (F, G) . Panel (H) shows the pattern for Irx1 in a cross-section though the forelimb, which was similar to that of Irx2. The serial section of panel (I) shows the pattern of Irx5 in the forelimb which was similar to those of Irx3 and -6.¯, Forelimb; hl, hindlimb; nt, neural tube; A, anterior; P, posterior; bar, 100 mm.
-2, and, weakly, -4 expression coincided with the developing metanephrogenic blastema, which includes the developing glomeruli (shown for Irx2 in Fig. 5L ). Irx3 expression was observed in similar spots and additionally in longitudinal strands of cells at the margin between the cortex and medulla (Fig. 5M) .
From E10.5 onwards, the expression of Irx1 and -2 was detected in the somites. From E11.5, expression became con®ned to a segmental pattern along the spine that coincided with the region of the rib primordia. This was con®rmed by the probing of serial sections for the muscle speci®c b-myosin heavy chain and SERCA-2A genes, which showed an exactly alternating pattern of the forming intercostal muscles (not shown).
At E11.5, the precondensations of the otic cap expressed Irx1, -2, -3 and -5 (Figs. 1B and 2M,N,P,Q) . At E13.5, the precondensations of the nasal cap cartilage expressed Irx3 and -5 in very similar patterns (not shown).
At E13.5, the outer curvature of the stomach endoderm expressed Irx3 and -5 (shown for Irx3 in Fig. 5M ). Irx1, -2, -4 and -6 were never detected in the endoderm of the gastrointestinal tract.
Conclusions
Our analysis revealed that the spatio-temporal expression patterns of genes within one cluster resemble each other from E9.5 onwards ( Table 1 ). The expression of Irx1 and -2 (on chromosome 13) and of Irx3 and -5 (on chromosome 8) is very similar in almost all the tissues examined. Furthermore, Irx3, -5 and -6 of the IrxB cluster are expressed in the mammary gland, while the genes of the other cluster are not. Likewise, Irx3, -5 and -6 are expressed in the interdigital mesenchyme of the limbs, whereas Irx1 and -2 are expressed in the precartilage condensations of the digits. Therefore, the clustered genes are coordinately expressed, indicating coordinated regulation at the level of the gene cluster.
Materials and methods
Whole mount in situ was performed on embryos ranging from E8.5±E14.5 and in situ hybridization on sections was performed on serial sections of 12 mm of embryos ranging from E9.5 to E13.5 as described (Christoffels et al., 2000; Moorman et al., 2001) . Probes for Irx1±5 are described in Christoffels et al. (2000) and the Irx6 probe was derived from sequence position 603±1425 (Peters et al., 2000) .
Linkage of mouse genes has been described (Peters et al., 2000) . Orientation of mouse Irx genes has been determined by contig analysis of bacterial arti®cial chromosome and P1 arti®cial chromosome clones. The organization of the human IrxA and IrxB clusters were derived from the recently published human genome (Venter et al., 2001) .
